INTRODUCTION
Intraspecific competition for food may play a significant role in structuring populations of animal communities. Among seabirds, there is growing evidence that food partitioning and dietary overlap influences population demographics and community structures (e.g. Ainley et al. 2003 . Although most are interspecific approaches (e.g. Croxall et al. 1997 , Hodum & Hobson 2000 , Forero et al. 2004 , recent studies have provided new insights into dietary segregation within species (e.g. Gray & Hamer 2001, Forero ABSTRACT: We investigated trophic ecology variation among colonies as well as sex-and age-related differences in the diet of the southern giant petrel Macronectes giganteus, a long-lived seabird that is sexually dimorphic in size. We measured stable isotopes (δ 13 C, δ 15 N) in blood samples collected during breeding at Bird Island (South Georgia, Antarctica) in 1998 and at 2 colonies in the Argentinean area of Patagonia in 2000 and 2001. Individuals from South Georgia showed lower δ 13 C and δ 15 N values than those in Patagonia, as expected from the more pelagic location and the short length of the Antarctic food web. Males and females showed significant differences in the isotopic signatures at both localities. These differences agree with the sexual differences in diet found in previous studies, which showed that both sexes rely mainly on penguin and seal carrion, but females also feed extensively on marine prey, such as fish, squid and crustaceans. However, males from Patagonia showed significantly higher δ 15 N and δ
13
C values than females did, and the reverse trend was observed at South Georgia. This opposite trend is probably related to the different trophic level of carrion between locations: whereas penguins and pinnipeds in Patagonia rely mainly on fish and cephalopods, in South Georgia they rely mainly on krill. Stable isotope values of male and female chicks in Patagonia did not differ; both attained high values, similar to adult males and higher than adult females, suggesting that parents do not provision their single offspring differently in relation to sex; however, they seem to provide offspring with a higher proportion of carrion, probably of higher quality, and more abundant food, than they consume themselves. Stable isotopes at South Georgia were not affected by age of adults. We have provided new information on intraspecific segregation in the diet in a seabird species and have also underlined the importance of considering food web structure when studying intraspecific variability in trophic ecology.
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Resale or republication not permitted without written consent of the publisher et al. 2002) . Segregation in diet and foraging areas among individual seabirds from different colonies of the same species could be influenced by the differential distribution of marine resources, including prey quality and availability (Croxall & Lishman 1987 , Velando & Freire 1999 ), but also by the level of intraspecific competition determined by colony and population size (Ainley et al. 2003 . In addition, sexual segregation in feeding ecology between adult seabirds is commonly related to differences in morphology (e.g. Clarke et al. 1998 , Forero et al. 2002 .
Individuals may have different nutritional requirements over their life cycle (Watanuki 1992 , Velando & Freire 1999 , Gray & Harmer 2001 . Growing chicks demand more energy than adult subsistence (Ricklefs et al. 1998 and references herein), and growth rate can be affected by diet type (e.g. Dahdul & Horn 2004) . Moreover, central-place foragers that provision chicks may optimize prey selection for themselves and their chicks (Ydenberg 1994 . Several studies have reported differences in size and prey type between adults, as well as in dietary changes of chicks over the nestling period (e.g. Pedrocchi et al. 1996 , Forero et al. 2002 , Knoff et al. 2002 . Similarly, different energy demands between male and female chicks in size-dimorphic species resulted in sex-biased provisioning rates and meal size for several species (Weimerskirch et al. 2000 , Daunt et al. 2001 . However, to our knowledge differences in type of food delivered to male and female chicks have not been investigated, probably due to the difficulties in studying subtle differences in prey types, as well as in sexing chicks.
Potential differences in diet among age classes are not restricted to adults versus chicks. Differences in foraging proficiency between immature and adult birds may also influence the quality and quantity of food resources exploited (Porter & Sealy 1982 , Wunderle 1991 . Competition for foraging habitats may also exclude younger individuals, resulting in age-related trends in use of foraging areas (Nisbet et al. 2002) .
The southern giant petrel Macronectes giganteus is an important scavenger in the South Atlantic Ocean (Hunter 1985 , O'Brien 1990 . The restriction of its breeding distribution to sub-Antarctic and Antarctic ecosystems (Carboneres 1992, Patterson et al. in press) ; its conspicuous sexual size dimorphism (González-Solís et al. 2000b) , which can be detected even a few days after hatching (e.g. Conroy 1972 , Hunter 1984 , Cooper et al. 2001 , the slow growth rates of the chicks, deferred maturity and long life-span (Conroy 1972 , Hunter 1984 make it an ideal model to study intraspecific trophic segregation. This species shows a noticeable sexual segregation in diet and foraging areas (Hunter 1983 , Hunter & de Brooke 1992 , González-Solís et al. 2000a , Van Franeker et al. 2001 , Quintana & Dell'Arciprete 2002 , Le Bohec et al. 2003 , Patterson & Fraser 2003 , González-Solís & Croxall 2005 , as well as in chick-provisioning rate and meal size of chick feedings (Hunter 1983 , Hunter & Brooke 1992 . However, research on intraspecific variation in diet in this and other seabird species has been limited by conventional methodologies, such as the analysis of gut contents or direct observation of birds at sea (Hobson et al. 1994) . During the last decade, stable-isotope analysis (SIA) has become an increasingly popular tool to study the trophic ecology of seabirds (see review in , often complementing and extending traditional studies. This approach is based on the fact that stable-isotope ratios of nitrogen ( 15 N/ 14 N, denoted as δ 15 N) and carbon ( 13 C/ 12 C, δ 13 C) in consumer tissues reflect those in their prey in a predictable manner (DeNiro & Epstein 1978 , 1981 , thus being a good indicator of diet and trophic level. Within marine environments, more pelagic diets result in relatively lower δ 13 C values compared to benthic or inshore diets (Hobson et al. 1994 , Thompson et al. 2000 . The turnover rate of blood allows the study of feeding ecology during discrete periods of time (e.g. chick rearing period; Hobson & Clark 1992) .
Here, we investigated intraspecific segregation in diet and trophic habits in the southern giant petrel through δ 15 N and δ 13 C analyses. Our main objectives were to (1) study the reported sexual segregation in diet and foraging habits of adults in this species at 2 separated breeding locations, north and south of the Antarctic Polar Front ( Fig. 1 ) (Hunter 1983 , González-Solís et al. 2000a , by using the SIA approach; (2) test if the reported differences in the provisioning rate and meal size between male and female chicks is also accompanied by a differential provisioning in food type; and (3) investigate the intraspecific variation of the diet with age, both between chicks and adults, as well as over the adult lifespan of a particularly longlived species.
MATERIALS AND METHODS
Species and study sites. The breeding range of the southern giant petrel Macronectes giganteus extends from 67°S on the Antarctic continent, the Falkland Islands and north to the Argentinean area of Patagonia (Carboneres 1992, Patterson et al. in press) . Males are 20 to 35% heavier and 5 to 15% larger in several linear measurements than females (Hunter 1987 , González-Solís et al. 2000a ). This species breeds during the austral summer, from October to April, with an incubation and fledging period than spans 2 and 4 mo, respectively (Hunter 1987) . Our studied colonies were located on 2 islands off the northern Patagonia coast of Argentina and on 1 island north of the South Georgia archipelago, north and south of the Antarctic Polar Front, respectively (Fig. 1) . The 2 colonies in Patagonia are located at Arce Island (45°00' S, 65°29' W, about 500 breeding pairs) and Gran Robredo Island (45°08' S, 66°03' W, about 1700 breeding pairs) (Yorio et al. 1998 ), 7 and 14 km off the coast and 47 km apart. Pinnipeds and other seabirds, such as penguins, cormorants, gulls and skuas, are also common breeders on both islands (Yorio et al. 1998 ). The study site at South Georgia was on Bird Island (54°03' S, 38°36' W, subAntarctic Atlantic Ocean, 500 to 600 breeding pairs), about 2200 km apart from the northern Patagonia colonies. South Georgia is an important breeding site for many top predators, including several albatrosses, penguins and pinniped species, which often forage in Patagonian waters (Croxall & Wood 2002 (breeding season 1998 to 1999) . Thus, all adults were sampled during the end of the incubation or early chick-rearing periods (chicks about 20 d old). We caught adults and chicks on their nests, took about 0.3 ml of whole blood from the foot vein, and transferred it to 2 different vials containing 1.5 ml of 70% ethanol (Hobson et al. 1997 ). Blood was stored at 20 to 25°C until analysis of stable isotopes or molecular sexing (Ellegren 1996) . At South Georgia the age of some birds was known because they were banded as chicks.
After preparation of samples (see Hobson et al. 1997 for details), stable carbon and nitrogen isotope assays were performed on 1 mg sub-samples of homogenized materials by loading into tin cups and combusting in a Europa ANCA-GST elemental analyzer (Europa Scientific). Resultant CO 2 and N 2 gases were then analyzed using an interfaced Europa 20:20 continuousflow isotope ratio mass spectrometer (CFIRMS, Europa Scientific), with every 5 unknowns separated by 2 laboratory standards (egg albumen). Stable isotope abundance was expressed in standard δ notation relative to carbonate Pee Dee Belemnite and atmospheric nitrogen. Based on hundreds of measurements of organic standards (albumen and collagen), the analytical precision (±1 SD) of these measurements was estimated to be ± 0.1 and ± 0.3 ‰ for carbon and nitrogen, respectively.
RESULTS
The only colony of Macronectes giganteus sampled during 2 consecutive breeding seasons was Arce Island (see 'Materials and methods') in Patagonia, so we compared δ 15 N and δ 13 C values between breeding seasons for adults in this colony controlling for sex. There were no significant differences between seasons for males or females of this colony in either δ 15 N (2-way ANOVA -season: Regarding differences in isotope values among the 3 studied colonies and sex of adult birds, we found a significant effect of colony on δ 15 N and δ 13 C values of adult birds, as well as a significant interaction between colony and sex (2-way ANOVA -δ 15 N, colony: F 2,59 = 511.83, p < 0.001; sex: F 1,59 = 0.25, p = 0.60; colony × sex: F 2,59 = 10.2, p < 0.001; δ 13 C, colony: F 2,59 = 329.61, p < 0.001; sex: F 1,59 = 0.40, p = 0.53; colony × sex: F 2,59 = 15.57, p < 0.001). Post-hoc Tukey comparisons suggested that differences between colonies in both carbon and nitrogen isotopes lie between South Georgia and the 2 colonies in Patagonian (all p < 0.001). Individuals from South Georgia showed lower δ 15 N and δ 13 C values than individuals from Arce and Gran Robredo Islands. Values of δ 15 N and δ 13 C did not differ between the 2 Patagonian colonies (Tukey's tests, all p > 0.60). However, in the Patagonian colonies males showed higher δ 15 N and δ 13 C values than females (Fig. 2) . In contrast, as indicated by the significant interaction of colony and sex (see above), adults from South Georgia showed the opposite trend, Orsi et al. 1995) with males having lower δ 15 N and δ 13 C values than females. Differences between males and females in δ 15 N and δ 13 C values were larger in the South Georgia colony (Fig. 2) .
In the Patagonian colonies there were no significant differences between male and female chicks in either δ 15 N (2-way ANOVA -chick sex: F 1,21 = 0.04, p = 0.85; colony: F 1,21 = 1.47, p = 0.24; chick sex × colony: F 1,21 = 0.46, p = 0.51) or δ 13 C values (sex: F 1,21 = 0.61, p = 0.45; colony: F 1,21 = 0.09, p = 0.77; colony × sex: F 1,21 = 0.05, p = 0.82). The lack of significance of both the colony effect and its interaction with sex indicated that male and female chicks showed similar stable-isotope values at Arce and Gran Robredo Islands. Female and male chicks were then pooled for further analyses.
Since isotope values of adults differed between sexes (see above, Fig. 2 ), we used a fixed factor with 3 levels: adult males, adult females and chicks. The combined effect of this factor was significant and consistent in both Patagonian colonies for δ 15 N (2-way ANOVA -colony: F 1,49 = 0.15, p = 0.70; chicks-adults: F 2,49 = 13.69, p < 0.001; colony × chicks-adults: F 2,49 = 0.18, p = 0.47) and δ 13 C values (colony: F 2,49 = 1.52, p = 0.22; chicks-adults: F 2,49 = 10.71, p < 0.001; colony × chicks-adults: F 2,49 = 1.45, p = 0.25). Post-hoc tests showed that differences between age classes were due to the levels of δ 15 N and δ 13 C being lower in adult females than in both adult males and chicks (Tukey's test, all p < 0.003), which exhibited similar values of both isotopes (Tukey's test, all p > 0.433) (Fig. 3) .
For individuals from South Georgia we investigated possible age effects among adult birds. For those individuals that were banded as chicks we knew their exact age (range: 10 to 37 yr, n = 28). We found no significant correlation between isotopic values and age in either females (Pearson correlation -δ 15 N: r = -0.33, n = 17, p = 0.20; δ 13 C: r = -0.28, n = 17, p = 0.28) or males (δ 15 N: r = 0.24, n = 11, p = 0.47; δ 13 C: r = 0.06, n = 11, p = 0.88).
DISCUSSION
Dietary segregation in the southern giant petrel Macronectes giganteus measured by stable isotopes was noticeable with respect to sex, as well as between chicks and adults. We found no differences in the diet between male and female chicks, nor any variation with age of adults from 10 to 37 yr old. Individuals from South Georgia showed lower δ 13 C and δ 15 N values than those breeding at the Patagonian colonies. Several factors can contribute to create such differences. It is known that marine birds and mammals from northtemperate and Arctic oceans have higher δ 15 N values than those from south-temperate and Antarctic oceans (Kelly 2000) , small-scale latitudinal gradients have not been described in southern oceans for this isotope (but see Jennins & Warr 2003 for the North Sea) and could also contribute to the lower δ 15 N values in South Georgia than in Patagonia. However, a general latitudinal decline in δ 13 C has been documented in the marine plankton of southern oceans, and similar differences might exist in birds (Sackett et al. 1965 , Rau et al. 1982 Carbon isotope ratio (‰) Nitrogen isotope ratio (‰) Nitrogen isotope ratio (‰) Fig. 3 . Macronectes giganteus. Mean δ 15 N and δ 13 C (± SE) and sample sizes of adult southern giant petrel males (d), females (s) and chicks (j) at the Patagonian colonies. Individuals from Arce and Gran Robredo Islands have been pooled as we did not find significant differences among colonies (see 'Results') Goericke et al. 1994) . Secondly, the more positive δ 13 C values from Patagonia could be a result of those birds foraging at shorter distances and in a more neritic environment compared to those from South Georgia (Orgeira 2001 , Quintana & Dell'Arciprete 2002 . Patagonian colonies are located relatively close to the mainland coast (with a very wide continental shelf [ Fig. 1 ] where neritic fronts are abundant; Acha et al. 2004) . In contrast, South Georgia is located in a more pelagic environment, far from any other mainland area and surrounded by a narrow continental shelf. Moreover, the mean distance traveled to the feeding areas of the Patagonian birds is about 30% less than that covered by birds from South Georgia.
Finally, differences in the length of food chains between Patagonian and Antarctic ecosystems probably also contributed to the important deviations in δ 15 N values between the 2 areas. In both northern and southern colonies giant petrels probably feed mainly on penguin and pinniped carrion to a similar extent; however, this resource occupied different trophic levels in Patagonia and Antarctica (Rau et al. 1992 , Forero et al. 2004 ). The Antarctic ecosystem food web is short, and most organisms, including macaroni (Eudyptes chrysolophus) and gentoo (Pygoscelis papua) penguins, as well as Antarctic fur seals Arctocephalus gazella, rely heavily upon krill, which shows comparatively low δ 15 N and δ 13 C values (Rau et al. 1992 , Reid & Arnould 1996 , Croxall et al. 1997 , Hodum & Hobson 2000 . In contrast, anchovy Engraulis anchoita constitutes the main food of penguins in Patagonia (Forero et al. 2002) , with greater isotopic values than Antarctic krill (2.3 vs. 3.3; Sanger 1987 , Hodum & Hobson 2000 , Forero et al. 2004 . Similarly, southern sea lions Otaria flavescens from Patagonia feed mainly on cephalopod and fish species (Alonso et al. 2000) . Consequently, isotopic signatures of giant petrels feeding around South Georgia are expected to be relatively lower than those feeding in the neighboring Patagonian waters.
Sexual segregation in diet and foraging ecology has been reported previously for both southern and northern giant petrels (Macronectes halli ) in South Georgia and it has been related to the larger size of males compred to females (Hunter 1983 , González-Solís et al. 2000a . Similar sexual differences in foraging ecology of southern giant petrels from Patagonia have also been found (F. Quintana & O. P. Dell'Arciprete unpubl.) . During the breeding season, males forage mainly in coastal habitats and rely almost exclusively on penguin and pinniped carrion. Carrion is also the most important resource for females, but they also feed extensively on marine prey, such as fish, squid and krill, and show more pelagic habits than males. In the present study, at both South Georgia and the Patagonian colonies, we found differences in the isotopic signatures between males and females, confirming that they exploited different food resources. However, sexual segregation in stable isotope values at each locality showed opposite trends. At South Georgia, males appeared to consume a higher proportion of lower trophic level prey than females (Fig. 2) . The same segregation in isotopic values has been found for northern giant petrels at this locality (González-Solís & Croxall 2005) . In contrast, southern giant petrel males from Patagonia showed higher δ 15 N and d 13 C values than females. This opposite trend in sexual segregation does not necessarily mean that males and females have reversed ecological niches in South Georgia and Patagonia. The most parsimonious interpretation is that the main food of males, namely penguin and pinniped carrion, occupies a contrasting trophic level in each locality, as commented on above. At South Georgia, a further reason for the higher isotopic values of females may be that they often visit waters above the Antarctic polar front for feeding, with a consequent increase in isotopic signatures, whereas the foraging areas of males are more restricted to the Antarctic waters around South Georgia (González-Solis et al. 2000a ).
In concordance with other studies on seabird diet applying SIA (e.g. Hodum & Hobson 2000 , Forero et al. 2002 , southern giant petrel chicks at Patagonian colonies occupied higher trophic positions than their parents. However, this difference was largely a matter of the lower δ 15 N and δ 13 C values of adult females. It has been suggested that the production of stomach oil in some seabirds may result in isotopic differences between chicks and adults (Thompson et al. 2000) . However, other factors may also contribute to the differences in the isotopic composition between them, such as a differential selection of food for the provisioning chicks, as well as differences between the male and female provisioning rates of chicks. For instance, some studies have shown that males provision food to chicks more frequently and probably with larger meal size than females do (Hunter 1983 , Hunter & Brooke 1992 , González-Solís et al. 2000b ). In our study area, where penguin and pinniped carrion was available near both colonies during the study period, food may have been readily located by males, thus allowing them to feed chicks more frequently than females could. As a result, the isotopic signatures of males and chicks would be more similar compared to those of females. Relatively high isotopic values in chicks could also be related to the selection of carrion for chick provisioning, since this type of food is a more complete source of nutrients than invertebrates, fish or squid (Watanuki 1992) . Indeed, as male chicks receive more food than female chicks and take longer to fledge due to the noticeable sexual size dimorphism in southern giant petrels (Hunter 1983 , Hunter & Brooke 1992 , parents might provision the sexes with different food. Although we found no evidence of this, differences in the type of food delivered to male and female chicks cannot be completely excluded, since our sampling was carried out only during the early chick-rearing period.
We found no significant correlation between δ 15 N and δ 13 C values and adult age. Although these results suggest that food exploitation does not improve with age, we cannot discount a possibility of some age effects. As the youngest individual in our sample was 10 yr old (age of first breeding between 4 and 10 yr old; Conroy 1972 , Hunter 1984 , age-related differences in diet and foraging ecology may be limited to younger ages.
We have confirmed intraspecific patterns of food partitioning in the southern giant petrel between sexes and age classes. Application of SIA to the study has also revealed a striking reverse trend in the sexual segregation of the isotopic composition between the Patagonian and South Georgian colonies. Thus, further isotopic and conventional studies that compare seabird diets and trophic partitioning among disparate sites with different trophic structure and food web length are needed, both at the level of individual species and communities (e.g. Forero et al. 2004 ).
